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(57) ABSTRACT 

A method of ?nding the position of a mechanical axis 
running in the longitudinal direction through a limb that is 
rotatably supported by its ?rst end in a center of rotation that 
is not ?xed and is not accessible for the mechanical deter 
mination of coordinates, by means of an optical coordinate 
measurement device With an indicator to detect 
measurement-point coordinates in one rotational position of 
the limb, such that, for each rotational position, a multi-point 
indicator rigidly attached near the second end of the limb 
signals several measurement-point coordinates, and, from 
the sets of measurement-point coordinates detected in a 
plurality of rotational positions, at least one group is selected 
that can be assigned to the same site of the center of rotation, 
and the measurement-point-coordinate sets assigned to this 
site of the center of rotation are used to calculate the 
mechanical axis. 

20 Claims, 8 Drawing Sheets 
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METHOD AND APPARATUS FOR FINDING 
THE POSITION OF A MECHANICAL AXIS 

OF A LIMB 

RELATED APPLICATIONS 

This application is a national phase entry in the United 
States of the International Application PCT/EP01/05663 
?led May 17, 2001 and claims the bene?t of the German 
Patent Application No. DE100 42 975.3 ?led Aug. 31, 2000. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The invention relates to a method and an apparatus for 
?nding the position of the mechanical aXis of a vertebrate 
limb running in a longitudinal direction through a limb that 
is rotatably supported by its ?rst end in a center of rotation 
that is not ?Xed and is not accessible for the mechanical 
determination of coordinates by means of a optical coordi 
nate measurement device With an indicator to signal mea 
surement point coordinates in one rotational position of the 
limb. 

2. Description of the Related Art 

The mechanical aXes of limbs, such as a human femur, 
must be knoWn in order to insert prostheses/implants, such 
as a knee prosthesis, correctly. The resection that prepares 
the Way for installation of the knee prosthesis on the femur 
must be oriented in accordance With the orientation of the 
femur’s mechanical aXis. Ordinarily the frontal regions of 
the femur are resected. HoWever, at least one so-called 
dorsal and one ventral cut are also made at the femur, 
because the femoral component of knee prostheses is cus 
tomarily U-shaped. 

The eXact position of the resection surfaces at the femur 
is of crucial signi?cance for a long Working life of the knee 
prosthesis. So far even an experienced surgeon ?nds the 
performance of this resection extremely demanding, because 
during the operation the standard bearing surfaces must be 
established according to the geometrical speci?cations of the 
knee prosthesis While taking into account the mechanical 
aXis, and in some cases pathological displacements must 
also be corrected and alloWances must be made for the 
position and action of the ligaments and muscles that are 
present. 
KnoWn sets of instruments for the implantation of knee 

prostheses comprise resection accessories in the form of 
cutting jigs that help the surgeon to guide a saW blade. For 
this purpose the cutting jigs are aligned as accurately as 
possible according to the mechanical aXis of the femur, With 
the aid of various devices. 
An apparatus of this kind to assist alignment of the cutting 

jig is disclosed in the document WO 00/00093. This appa 
ratus consists substantially of a base part that can be releas 
ably ?Xed in the distal region of the femur and a reference 
element that is connected to the base part so as to be 
pivotable and/or longitudinally displaceable, and that com 
prises a means of specifying a coordinate system. The 
reference element can be oriented so that its position is ?Xed 
precisely With respect to the femur, and the means for 
specifying the coordinate system are so con?gured that they 
can be used determine the orientation in Which tools such as 
a cutting jig are attached. 

Areference element of this kind is ?rmly connected to the 
femur and is aligned With the femur’s mechanical aXis. A 
locating rod is used to measure the mechanical aXis. This 
locating rod is connected at its ?rst end to the reference 
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2 
element, and its second end is directed toWard the head of 
the femur, Which is seated in the hip and through Which the 
mechanical aXis of the femur runs. In order to point the 
locating rod toWard the head of the femur, the pelvic ridge 
is ?rst palpated by the “tWo-?nger” method. The disadvan 
tage of “tWo-?nger” palpation is that it is relatively ineXact. 
The patents US. Pat. Nos. 5,871,018 and 5,682,886 

disclose methods for ?nding the position of the femoral 
mechanical aXis. According to these procedures, in a ?rst 
step the coordinates of the femur are measured, for eXample 
from an image obtained by computer-assisted tomography, 
and are stored in a computer. The stored data are then used 
to generate a three-dimensional computer model of the 
femur, and on the basis of this model the optimal coordinates 
are found for attaching to the bone a jig as Well as the knee 
prosthesis that Will eventually be installed. The basis for this 
operation is speci?cation of the mechanical aXis of the 
femur. 

After such a simulation the patient’s femur is ?Xed in 
position, and a recording device is used for the tactile 
sampling of individual points on the femoral surface in order 
to establish the orientation of the femur for the operation that 
is to be performed. This scanning of the bone requires either 
that the femur be eXposed for much of its length, if possible 
as far as the hip joint, so that its surface is accessible to the 
recording device, or else that a kind of needle be used to 
pierce the skin and contact the bone as a sampling instru 
ment. HoWever, because any surgical intervention presents a 
risk to the patient, and insertions of a needle cause bleeding 
and hence an increased danger of infection of the associated 
bones, it is undesirable to carry out an additional surgical 
intervention in the hip region or to insert needles along the 
femur in order to ?nd the position of the center of rotation. 
Furthermore, in this process the femur must be ?rmly ?Xed 
to the platform of the recording device, because otherWise 
the hip socket can be displaced during the ?Xation of the 
various instruments, so that after the femoral coordinates 
have been recorded, the cutting jig Would be Wrongly 
positioned. 

The document FR 2 785 517 describes a method and an 
apparatus for detecting the center of rotation of the femoral 
head in the hip socket. For this purpose the femur is moved 
so that its head shifts Within the socket, and the coordinates 
measured for various positions of the femur are recorded. As 
soon as shifting of the center of rotation of the femur occurs, 
a corresponding counterpressure is applied to the head of the 
femur, and this is taken into account for the speci?cation of 
a point that is related to the position of the femur. 
The objective of the present invention is to develop a 

method of this generic kind further, in such a Way that it 
permits a rapid and simple acquisition of the information 
needed for the anatomically correct installation of an 
implant in dependence on the orientation of the mechanical 
aXis of the limb, and also to disclose an arrangement for 
implementation of this method. 

SUMMARY OF THE INVENTION 

This objective is achieved by a method according to claim 
1 and by an apparatus according to claim 11. 
An point of the invention lies in the fact that from the 

various sets of measurement-point coordinates recorded by 
means of the multiple-point indicator attached to the limb in 
several rotational positions of the limb, at least one group is 
selected that can be assigned to a ?Xed center of rotation. 
The sets of coordinates assigned to a ?Xed center of rotation 
are used to calculate the mechanical aXis of the limb. 
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Because at least one group has been selected from the sets 
of measurement-point coordinates, it is possible to reject 
erroneous measurements, or measurements showing major 
deviation, by means of an iterative error-minimiZing 
calculation, for the ?xed center of rotation to be established. 
Hence, for example even though the patient’s pelvic area, 
Within Which the center of rotation is situated, might be 
displaced during the rotation of the leg, a ?xed center of 
rotation can be identi?ed from the measure-point coordi 
nates. 

In order to ?nd the position of the mechanical axis tWo 
points are established through Which the mechanical axis 
passes. The ?rst point is a reference point at the distal end 
of the femur, the location of Which is found by tactile 
scanning of the femoral surface; that is, its position is 
determined from those of the epicondyle and Whiteside line 
near the knee joint. This reference point is easily found, 
because the distal end of the femur is exposed in any case in 
order to install the knee prosthesis. The second point is 
represented by the center of rotation established With refer 
ence to the groups of measurement-point-coordinate sets. 

In order to ?nd this point, for each rotational position of 
the femur the measurement device is used to detect the 
measurement-point coordinates by means of the multiple 
point indicator (active or passive transmitter) attached to the 
distal end of the femur. For this purpose, for example, an 
active transmitter emits radiation from several radiation 
sources for each rotational position. The radiation sources, 
for instance IR-LEDs, are disposed on the base body at ?xed 
distances and angles With respect to one another. In another 
application the active transmitters can also be replaced by 
one or more passive transmitters. 

Acalibration of the measurement-point indicator, carried 
out before the actual measurement has begun, provides 
measurement-point coordinates that reproduce the distance 
and the angular positions of the above-mentioned radiation 
sources With respect to one another on the multiple-point 
indicator. The measurement-point coordinates obtained from 
this calibration are compared, Within a single coordinate 
system, With the measurement-point coordinates detected in 
each rotational position. Subsequently those of the detected 
measurement-point coordinates that lie outside a prespeci 
?ed tolerance range of the calibration measurement-point 
coordinates are eliminated; this measure is intended to 
exclude major errors in measurement that could be 
introduced, for example, by extraneous re?exes. 

The multiple-point indicators employed in the proposed 
method and the proposed apparatus have at least three, 
preferably four active or passive radiators (emitters or 
re?ector elements), the output of Which is recorded by the 
associated measurement device—speci?cally, tWo cameras 
?xedly spaced apart from one another on a camera beam. 
Each of the emitters or re?ectors is mounted on a base 
structure in a ?xed spatial relation to the others. Because the 
base structure itself is in turn ?xedly attached to the end of 
the limb for Which the center of rotation and mechanical axis 
are to be determined, the spatial distribution of the “mea 
surement points” amounts to a representation of movement 
paths With a ?xed relation to one another, When the limb to 
be investigated is pivoted about its center of rotation. The 
operator arrests the movement of the limb (i.e., for example, 
the leg of the patient With multi-point indicator attached to 
the distal end of the femur) brie?y When each of several 
rotational positions has been reached, and the measurement 
device then delivers an image shoWing the associated posi 
tion of each individual measurement point. 

If the center of rotation had been precisely ?xed during 
this procedure, all the measured points Would lie on spheri 
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4 
cal surfaces around the center of rotation, and determination 
of its position Would be fairly trivial. In practice, hoWever, 
such ?xation is not or at least not strictly achievable; instead, 
during the stepWise pivoting movement the center of rota 
tion is repeatedly displaced. An element of the invention is 
to extract groups of measurement-point coordinate sets, each 
of Which can be ascribed to a common center of rotation. 
Whereas for a ?xed center of rotation it Would not be strictly 
necessary to use multi-point indicators, the method in accor 
dance With the invention does prefer such indicators to be 
employed. The sets of coordinates that they provide enable 
the evaluation involving averages in the error-minimiZing 
calculation to be performed With a high degree of robustness 
and precision. From those sets of measurement-point coor 
dinates that can be assigned to a group, in a calculator device 
that forms part of the measurement apparatus several spheri 
cal surfaces are calculated, Which represent the movement 
paths of the second end of the limb to Which the indicator is 
attached. With the aid of these spherical surfaces the asso 
ciated center points can be calculated simply and rapidly. 
The calculated center points correspond to the centers of 
rotation of the femur, or those relative to the active and/or 
passive transmitter. This procedure makes it possible rapidly 
and easily to locate the center of femoral rotation in the 
pelvic acetabulum, Which is needed to specify the orienta 
tion of the mechanical axis, With no need for extra surgery 
in the patient’s hip region. 

Once the mechanical axis of the femur has been calcu 
lated With high precision as described above, a cutting jig to 
be attached to the distal end of the femur is aligned With 
respect to that axis so that it can subsequently guide a cutting 
device (saW) in directions as precise and anatomically 
correct as possible, relative to the mechanical axis. For this 
purpose the cutting jig can be connected by Way of a 
connecting piece to the holder for the ?xed multi-point 
indicator, Which has already been attached to the distal end 
of the femur, and/or can be aligned by means of a supple 
mentary caliper device. 

In both cases the result is an alignment of the multi-point 
indicator and/or the cutting jig Within a global coordinate 
system, ie one With its origin outside the patient. This 
determines, among other things, the Way that a local coor 
dinate system With its origin in the multi-point indicator is 
disposed relative to the center of rotation corresponding to 
the midpoint. Because the jig and the cutting device guided 
therein can be aligned precisely With respect to the previ 
ously calculated mechanical axis, the knee prosthesis can be 
inserted and positioned against the cut surfaces of the femur 
With high precision in accordance With the mechanical axis. 
As a result of such a geometrically correct and precise 

installation of the knee prosthesis, the patient Will experi 
ence improved mobility after the operation as Well. 

Because of the selection of a group of measurement 
point-coordinate sets such that as many as possible of these 
sets, each of Which represents one rotational position of the 
femur, are combined With one another and each such group 
of measurement-point-coordinate sets is related to a center 
of rotation that has not been displaced, if the center of 
rotation is displaced during the measurement and/or betWeen 
the measurement and the positioning of the cutting jig, 
oWing to a change in the patient’s position While the center 
of rotation is being measured, this fact can be recogniZed 
and the possibility that it Will introduce error into the 
speci?cation of the mechanical axis can be excluded. 

In a preferred embodiment of the invention there are 
several repetitions of the step of selecting one group from 
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the set of measurement-point coordinate quantities recorded 
in a plurality of rotational positions. After each selection step 
the particular set of measurement-point coordinates that 
shoWs the greatest deviation from the coordinates of calcu 
lated measurement points is rejected. The deviation to be 
calculated for this purpose, as Well as various vector param 
eters for calculation of the coordinates of the center of 
rotation, Which is assumed to be ?xed, in the local and the 
global coordinate system are determined by means of itera 
tive calculation according to the least-squares method. This 
procedure makes use of the basic idea underlying the 
error-minimiZing calculation, namely that approximate val 
ues for the quantities to be measured are determined from 
erroneous measured values in order to specify an improve 
ment of the quantities to be measured (measurement-point 
coordinates) relevant to the deviation. 

Important unknoWns are a local translation vector, asso 
ciated With translation of a measurement point situated in the 
local coordinate system (the origin of Which is situated in the 
active or passive transmitter), into the global system, as Well 
as a global translation vector and a rotation matrix. The last 
tWo quantities serve to describe the translation of a mea 
surement point to the rotation point in the global system, and 
the rotations of the local system Within the global system. 
The application of an iterative calculation in determining the 
center of rotation makes possible a largely error-free deter 
mination of the center of rotation, even if the patient moves 
during the measurement. 
An important boundary condition is the use of sterile 

measurement tools as Well as an electronic/optical measure 

ment device in combination With the calculation device, 
Which enables a more rapid completion of the measurement 
on the basis of optical data-transmission routes and elec 
tronic data processing, Which in turn reduces the time 
required for the operation. 

The mechanical axis is determined With the computer 
assisted optical measurement device. It is de?ned by the 
center of rotation and the additional reference point at the 
distal end of the femur. Susequently, during the surgical 
procedure, the cutting jig is positioned by means of the 
measurement device in such a Way that the structures for 
mechanical guidance of the cut are in the correct spatial 
orientation With respect to the patient’s mechanical axis. 
This makes it possible for the cut to be made so precisely 
that the deviation With respect to the mechanical axis is less 
than 1°. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the folloWing some exemplary embodiments of the 
invention are described With reference to the attached 
draWings, Wherein 

FIG. 1 shoWs the mechanical axis of the femur; 
FIG. 2 shoWs the mechanical axis of the tibia; 
FIG. 3 is an illustration of a measurement arrangement 

according to one embodiment of the invention; 
FIG. 4 is a diagram of the coordinate systems that serve 

as a basis for calculation of the center of rotation in 
accordance With the invention; 

FIG. 5 is a How chart to shoW the sequence of events 
involved in specifying a mechanical axis in accordance With 
the invention; 

FIG. 6 shoWs a cutting jig With multiple indicators, 
attached to the femur; 

FIG. 7 shoWs a cutting jig including a device With Which 
to position it at the distal end of the femur, and 
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6 
FIG. 8 is another How chart to shoW the sequence of 

events involved in carrying out the method in accordance 
With the invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

FIG. 1 shoWs hoW a mechanical axis of the leg of a 
healthy person is disposed With respect to the femur 1. The 
mechanical axis 5, draWn With a dashed line, in part (a) is 
seen from the front, so that its orientation in the medial/ 
lateral direction otF is evident. The mechanical axis 5 is 
speci?ed by a center of rotation 3 of a femoral head 2 in the 
socket of a hip joint 4, and by bony reference points in the 
region of the knee (distal end of the femur). 

In the transverse plane, shoWn in part (b), the direction [3F 
of the mechanical axis is de?ned by the piercing point or by 
the Whiteside line and the direction of the epicondylar axis 
or dorsal condylar axis. 

In the sagittal plane, shoWn in part (c), the ventral/dorsal 
direction XF of the mechanical axis is ?xed by the center of 
rotation 3 of the femoral head 2 and by bony reference points 
on the femur in the knee region, as in the frontal plane. 

FIG. 2 shoWs, as another example of a mechanical axis of 
a limb in the human body, that of a tibia 6. In the frontal 
plane shoWn in part (a) the medial-lateral direction (XT of the 
mechanical axis 5 is de?ned by the center of gravity of the 
malleolar axis and the piercing point of the mechanical axis 
5 and corresponding bony reference points on the tibial side 
of the knee joint. In the transverse plane, shoWn in (b), the 
direction [3T of the mechanical axis is established by the 
following alternatives: 
1. metatarsal ray, 
2. malleolar axis, tilted by 23°, 
3. line perpendicular to the axis of rotation of the ankle joint, 

or 

4. on the basis of the tuberosity. 
In the sagittal plane, shoWn in (c), the ventral/dorsal 

direction XT of the mechanical axis 5 is de?ned by the axis 
of the upper ankle joint and the point at Which the axis 5 
intersects the tibial plateau, as Well as the front edge 6 of the 
tibia. 
From the tWo examples of a speci?ed mechanical axis 

presented above it Will be evident that it is relatively simple 
to identify the points that determine its orientation When the 
bones and joints are exposed. HoWever, in order to avoid a 
supplementary surgical invention, such as Would otherWise 
be necessary to determine the center of rotation 3 in the 
region of the hip joint, it is a substantially more complex 
matter to identify the rotation-center coordinates in each of 
the planes presented above exclusively by observing the 
movements of the limb. 
An additional consideration is that according to the state 

of the art, for reliable speci?cation of the mechanical axis 
the center of rotation should not change its position during 
the movements of the femur that are needed to carry out the 
mechanical-axis speci?cation; otherWise the measurement 
procedure Would have to be repeated from the start. This 
applies likeWise to the time betWeen completion of the 
measurement and the positioning of the cutting jig on the 
femur according to the mechanical axis thereby speci?ed. 
As mentioned above, for the femur the orientation of the 

axis 5 is de?ned by the center of rotation of the femoral head 
2 in the hip socket and an axis point situated at the distal end 
of the femur, in the region of the knee. Because the distal end 
of the femur has been exposed in any case, in order to insert 
the knee prosthesis, the axis point situated here is de?ned by 
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bony references. Here the term “bony references” denotes 
special points at the distal end of the femur, Which are 
situated in a knoWn relation to the femoral mechanical aXis 
and can be selected and localiZed by the operator on the 
basis of previous experience. Such a reference point is 
signalled by touching the multi-point indicator to the distal 
end of the femur. This multi-point indicator serves to ?nd the 
measurement-point coordinates associated With a bony ref 
erence When the femur is in a particular rotational position. 
This movable multi-point indicator (feeler) bears LEDs or 
punctate re?ectors at several points, the light from Which is 
detected by a remote optical receiving system; the points 
thus detected are assigned coordinates in a coordinate sys 
tem. 

Because the head of the femur is not accessible during the 
knee operation, the center of rotation 3 of the femur must be 
identi?ed by indirect kinematic means. For this purpose the 
position of the femur When rotated by various amounts is 
measured by the measurement device that de?nes the origin 
of a global coordinate system. 

Elements of such a measurement device are shoWn in 
FIG. 3. It comprises the multi-point indicators 8 and 8‘ 
mentioned above, With several light-emitting diodes or small 
re?ector elements as coordinate-signaling units, an optical 
reception system 7 With tWo cameras 7.1, 7.2 on a camera 
beam as Well as a control unit 7.4 that serves to receive the 
radiation emitted by the LEDs, and a data collection and 
evaluation unit 7.3, for instance in the form of a laptop 
computer. It is necessary for the measurement device to have 
a Working range of ca. 0.5 m><0.5 m><0.3 m and a point 
measurement accuracy of ca. 0.5 mm. Such a device is 

known per se and is marketed, for example, by Northern 
Digital Inc. under the name “Hybrid POLARIS”. Experi 
ments have shoWn that its measurement accuracy is ca. 0.25 
mm, so that this device meets the requirements for use in the 
positioning of a knee prosthesis. 

FIG. 4 shoWs a global and a local coordinate system, 
Which serve as a basis for calculating the coordinates of the 
center of rotation in accordance With the invention. The 
multi-point indicator rigidly connected to the femur, 
together With the measurement-point ?eld Pnm comprising 
the ?Xedly spaced-apart points P11—Pn1, P12—Pn2, P1m—Pnm 
(Where n=number of measurement points on the multi-point 
indicator, m=number of femoral positions), comprises a 
local coordinate system 33. During the rotational move 
ments of the femur the multi-point indicator moves over the 
spherical surfaces 1, 2, . . . n about the point to be speci?ed, 
namely the central point 31 or rotation point M, Which 
corresponds to the center of rotation 3 in the vicinity of the 
hip joint. The rotation point M can be described by the 
global translation vector in the global coordinate system 34 

<_?=<X.Y.Z>. 
and by the local translation vector 

f=(u,v,w). 
FIG. 5 is a How chart to shoW the sequence of steps in 

specifying the center of rotation. In one step 40 the coordi 
nates of the measured points indicated by the measurement 
device for a particular rotational position of the femur are 
input by means of the transmitter (p/a) and the optical 
receiver/transmitter system, so that they can be processed 
further there by means of a data collection and evaluation 
device. 

First, in a step 41, the transmitter is calibrated by entering 
the distances and angles of the individual points With respect 
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to one another on the multi-point transmitter (p/a) in the 
local coordinate system. This is done by system output. The 
measurement-point coordinates resulting from this calibra 
tion are then, in a step 42, compared by a so-called section 
test With those found for a particular rotational position. 
Subsequently those measurement-point coordinates lying 
outside a tolerance limit, Which has been speci?ed in 
advance as a result of the calibration, are eXtracted or 

corrected; the data set can thus be eXpurgated. Alternatively, 
the Whole data set comprising measurement-point coordi 
nates that refer to a given rotational position of the femur 
(measurement-point-coordinate set) can be discarded in a 
step 43, and neW measurement of the point coordinates in a 
particular femoral rotation position can be carried out. 
Hence the step 42 serves to eliminate those measurement 
point coordinates that contain severe measurement errors. 

The raW measurement-point-coordinate data available in 
step 45, Whether obtained directly from step 42 or after 
eXpurgation in step 44, are noW subjected to an iterative 
error-minimiZing calculation in order to ?nd the center of 
rotation and thus to specify the mechanical aXis (step 46). 
The error-minimizing calculation is employed to check 

the preliminary results for errors in the coordinate measure 
ments and to determine their accuracy. The measured coor 
dinates are regarded as potentially erroneous because the 
patient should be alloWed to move during the measurement 
process, but any such movement might involve displace 
ment of the center of rotation. 

The iterative calculation is performed by the least-squares 
method. The procedure is as folloWs: 
A measurement point, or a set of measurement-point 

coordinates P, is measured by the optical receiving apparatus 
and is described in the global coordinate system With the 
folloWing position vector: 

xp (1) 

P0 = yP 

ZP 

The 3D measurement-point coordinate, as mentioned 
above, has been speci?ed in advance With reference to the 
local coordinate system, as the position vector Pi: 

(Z) 

The three unknoWn parameters that also enter into the 
calculation are as folloWs: 

the rotation of the local coordinate system Within the 
global coordinate system, described in three 
dimensional space by a rotation matriX R: 

an m2 m3 (3) 

R: 6121 6122 6123 

6131 6132 6133 

the translation of the rotation point M in the global 
system, on Which are centered the spherical surfaces 
associated With the rotational movement paths of the 
femur: 
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(4) 
MG = 

the translation to the rotation point L in the local system: 

14M (5) 

M L : vM 

In order to calculate the unknowns and the squares of the 
errors or improvement values v derived therefrom, a system 
of equations is set up on the basis of the following equation 
of condition: 

When the coordinate parameters according to equations 
(1) to (5) are entered into the equation of condition, in 
vectorial representation, the following equation results: 

XP 6111 6112 6113 I4P — I4M XM 

YP = 6121 6122 6123 * VP — VM + YM 

ZP 6131 6132 6133 WP — WM ZM 

By summation of the observed values XP, YP and ZP with 
the improvement values vx, vy and v2, the following correc 
tive equations are obtained: 

In the calculation according to the least-squares method, 
the sum of the squares of improvement values is now 
calculated, the improvement values having been derived 
from the standard deviation of the unknowns 

where Qii represents the diagonal elements of a design 
matriX, and hence the standard deviation of a weighting 
unit is 

where P is the weighting of the observation, n is the number 
of observations and u is the number of unknowns. 

The sum of the squares of the improvement values is then 
partially derived according to the above-mentioned 
unknowns, and to ?nd the minimum of the sum these 
derivatives are set equal to Zero. The result is a system of 
equations in the unknowns that are solved for the unknowns. 
With these solutions it is then possible to calculate estimated 
values for the measurement-point coordinates that are to be 
measured. The values of the unknowns thus obtained give 
the coordinates of the center of rotation, represented by the 
center point M of the global coordinate system shown in 
FIG. 4. 

Each of the measurement-point-coordinate sets P11—Pn1, 
P12—Pn2, P1m—Pnm found for a particular rotational position 
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of the femur is tested to see whether the improvement values 
associated with this measurement-point-coordinate set are 
below a limiting value that has been predetermined by the 
measurement accuracy of the measurement device 7 (step 
47). If this is not the case, it follows that the center of 
rotation has shifted between the measurements in two rota 
tional positions. The measurement-point-coordinate set that 
shows the maximal improvement values is rejected in a step 
48; each of these considerations can be applied separately 
for a speci?c coordinate direction X or Y or Z. 
Whenever it has been found in step 47 that the improve 

ment values of a measurement-point-coordinate set are 
indeed within the acceptable limits, in a step 49 the 3D 
coordinates of the relevant center of rotation are stored in 
combination with a statistic. 
When in the above-mentioned step 48 a measurement 

point-coordinate set with maXimal improvement values is 
rejected, a new calculation is carried out beginning at step 
45, after several measurement-point-coordinate sets have 
been selected. This step of resuming the calculation is 
repeated until it is no longer possible to combine 
measurement-point-coordinate sets by collecting them into a 
group. This stage is identi?ed in step 50. If the conclusion 
obtained in step 50 is that a further grouping of 
measurement-point-coordinate sets is possible, then in step 
51 an arbitrary measurement-point-coordinate set is rejected 
and, beginning at step 45, a calculation is once again carried 
out. When step 50 ?nally indicates that all combinations of 
measurement-point-coordinate sets have been tested, in a 
step 52 the stored results are again eXamined to determine 
whether they are statistically within prespeci?ed tolerance 
ranges. Then the procedure described above is repeated for 
all the other coordinate directions, so that ultimately in step 
53 the calculated coordinates of a center of rotation are 
indicated. 
An advantageous aspect of the method in accordance with 

the invention is the robust approach to error minimiZation, 
which results from the employment of a transmitter bearing 
multiple measurement points spaced apart from one another 
by a ?Xed distance, so that there is a ?Xed relationship 
between the observations in the system of equations 
involved in the error-minimiZing calculation. As a result, it 
is possible to calculate the center of rotation and to ?nd the 
orientation of the mechanical aXis even if the hip moves. 
As soon as the center of rotation has been established in 

this way, an imagined aXis can be drawn through the point 
at the center of rotation and the previously determined 
reference point on the femur side, at the distal end of the 
femur. 

FIG. 6 shows the cutting jig 10, which is kept in position 
with respect to the identi?ed mechanical aXis 5 of the femur 
1‘ by means of a jig adapter 10A that is ?Xed to a holder 8A, 
which also supports the multi-point indicator 8. 

The alignment of the cutting jig 10 with respect to the 
identi?ed aXis 5 of the femur is achieved by means of a 
second indicator 9. This allows the plane of the cutting jig 
to be adjusted so that it is perpendicular to the mechanical 
aXis. In this process the orientation of the aXis 5 in three 
dimensions is considered. With the second indicator 9 (jig 
adapter device) the measurement-point coordinates found by 
tactile sampling with the measurement device 7 in the jig 
coordinate system are transmitted to the computer-assisted 
cutting jig 10. These results can then be processed further for 
reference in subsequent activities involving the cutting jig 
10, such as aligning it with respect to the mechanical aXis. 
Once the cutting jig has been correctly positioned, the goal 
of specifying well-de?ned cutting planes has been achieved. 
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FIG. 7 shows in greater detail the structure of an arrange 
ment for positioning the cutting jig 10 at the distal end of the 
femur 1, according to a preferred embodiment. The picture 
shoWs clearly the shape of the clamping device 8A that is 
?xedly attached near the distal end of the femur and that 
bears on one side (during the measurements to determine the 
mechanical axis) the multi-point indicator 8 shoWn in FIGS. 
3 and 6, and on the other side (during the subsequent 
resection stages) the cutting jig 10. 
On the clamping device 8A is mounted the calibratable jig 

adapter 10A, the angle-adjustment means (not identi?ed 
individually) of Which permit both an adjustment of the 
angle of inclination of the cutting-jig plane With respect to 
the axis 5 and a rotation of the cutting jig about that axis. 
After the cutting jig 10 has been successfully aligned in 
space, tWo electric motors 10B and 10C—in combination 
With linear drive means (not separately identi?ed)—can be 
used to displace the cutting jig 10 longitudinally With respect 
to the latter’s axis of orientation as Well as perpendicular 
thereto. As a result, the cutting jig 10 is brought into the 
resection positions suitable for a prosthesis of the siZe that 
has been judged optimal for the particular patient. In these 
procedures, again, it is possible to determine precisely each 
position of the cutting jig, by tactile sampling With a 
movable multi-point indicator or feeler 8‘ (FIG. 3). 

FIG. 8 shoWs another How chart, Which once again 
diagrams in rough strokes the individual steps in a preferred 
performance of the method in accordance With the inven 
tion. For more detailed explanation, the How chart applies to 
an approach on the left side With respect to the femur. 

First, in a step 61, the reference point at the exposed end 
of the femur in the region of the knee is touched. The 
subsequent step 62 involves tactile sampling of the epi 
condyle and Whiteside line, and in a step 63 the directional 
vector of locomotion is calculated. 

In case no precise result is obtained from these steps 61 
to 63, in a step 64 there is a loop back to step 62 for 
repetition of this step. If a precise result is obtained in step 
65, then in step 71 this result is combined With that obtained 
from step 69 With respect to the calculation of the second 
point of the mechanical axis, namely the center of rotation, 
so that the mechanical axis can be calculated and hence the 
alignment of the cutting jig, Which depends on that of the 
mechanical axis, can be determined. 

So that the center of rotation can be determined in step 66, 
the necessary measurements are made in a step 67, With the 
femur in each of its various rotational positions, and the 
measurement-point coordinates thus obtained are processed 
in a subsequent error-minimiZing calculation in step 68. 
Here, again, if no precise result is found in step 70, a loop 
leads back to step 67. 

In step 73 the cutting jig is aligned about the axis of 
rotation, and then the anatomical con?guration is displayed 
to the operator together With the data obtained, representing 
the femur alone in step 74 and the femur plus tibia in step 
75. 

The sequence of steps described above in the procedure to 
determine the mechanical axis of the femur and to position 
the cutting jig takes place, in a preferred embodiment of the 
method, in the context of interactive menu guidance, such 
that the individual steps to be carried out and the interme 
diate results of the steps are displayed to the operator, as Well 
as certain elective options. The input from the operator’s 
side is accomplished by Way of a keyboard and/or foot 
sWitch, or Where appropriate by verbal instructions. The 
menu guidelines preferably combine clear color graphics, 
Which can easily be vieWed from the place occupied by the 
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12 
surgeon at the operation table, With acoustic signals (eg to 
con?rm inputs or as a signal that usable measurement results 
have become available). 

All the characteristics disclosed in the application docu 
ments are claimed as essential to the invention insofar as 
they are neW to the state of the art individually or in 
combination. 

List of Reference Numerals 

1 Femur 
2 Femoral head 
3 Center of rotation 
4 Hip joint 
5 Mechanical axis 
6 Tibia 
7 Measurement device 
7.1, 7.2 Camera 
7.3 Evaluation device 
7.4 Control device (progress control) 
8, 8‘, 9 Multi-point indicator 
8A Clamping device 
10 Cutting jig 
10A Jig adapter 
10B, 10C Electric motor 
30 Spherical surface path 
31 Center of the spheres 
32 Measurement point 
33 Local coordinate system 
34 Global coordinate system 
40 Measurement of point coordinates 
41 Section text 
43 Eliminate measurement-point-coordinate set 
44 Expurgate measurement-point-coordinate set 
45 Expurgated measurement-point-coordinate set 
46 Carry out error-minimiZing calculation With statistics 
47 Check Whether limiting value has been exceeded 
48 Reject measurement-point-coordinate set With maximal 

improvement values 
49 Store coordinates of the rotation center With statistics 
50 Check the possibility of eliminating a maximal/minimal 

improvement value 
51 Reject measurement-point-coordinate set 
52 Statistical testing of stored coordinates 
53 Display coordinates of the center of rotation 
60 Sequence With respect to the femur 
61 Tactile sampling in the knee 
62 Tactile sampling of the epicondyles/Whiteside line, With 

error minimiZation 

63 Calculation of a directional vector of locomotion 
64 No precise result found 
65 Precise result found 
66 Identify position of hip-joint center 
67 Start a necessary measurement 
68 Carry out calculation for the center of rotation 
69 Precise result found 
70 No precise result found 
71 Calculation of the alignment parameter of the intersection 

point 
72 Repetition of the process if intersection point not aligned 
73 Establish that cutting jig is aligned 
74 Display of the femur 
75 Display of the femur and the tibia 
76 Quality management, control measurement, data collec 

tion for correction models etc. 
What is claimed is: 
1. A method of ?nding the position of a mechanical axis 

running in the longitudinal direction through a limb, the limb 
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rotatably supported by a ?rst end via a movable and inac 
cessible center of rotation for the mechanical determination 
of coordinates, comprising: 

providing an optical coordinate-measurement device With 
at least one multi-point indicator to signal 
measurement-point coordinates in a rotational position 
of the limb; 

rigidly attaching said multi point indicator near a second 
end of the limb; 

detecting several measurement-point coordinates (P11, 
P21, P31, Pnl) per rotational position of the limb; 

recording said measurement-point coordinates; 
selecting from measurement-point-coordinate sets 

(P11—Pn1, P12—Pn2, P1m—Pnm) at least one group; 
assigning said at least one group to a same site of the 

center of rotation; and 
calculating the position of the ?rst end of the limb and a 

mechanical aXis running through the ?rst and second 
ends using the measurement-point-coordinate sets 
(P11—Pn1, P12—Pn2, P1m—Pnm) assigned to said site of the 
center of rotation Without piercing a skin of the limb 
above said second end. 

2. The method according to claim 1, further comprising: 
calculating several spherical surfaces that represent paths 

through Which the second end of the limb moves from 
the at least one group of measurement point coordinate 
sets (P11—Pn1, P12—Pn2, P1m—Pnm) assigned to said same 
site of the center of rotation; and 

calculating the coordinates of a point on Which said 
spherical surfaces are centered to represent the center 
of rotation of the limb as a point on the mechanical axis, 
said calculation employing the equation 

position P(,, m) relative to POM m)=position P(,, ,MD relative to 
(n+im+j)' 

3. The method of claim 1, Wherein the selection of the at 
least one group of measurement-point-coordinate sets 
(P11—Pn1, P12—Pn2, P1m—Pnm) from a number of sets that have 
been collected in a plurality of rotational positions of the 
limb is performed by proceeding through several steps of an 
iteration procedure, in each step of Which one measurement 
point-coordinate set is eliminated and an improvement 
thereby achieved is evaluated. 

4. The method according to claim 3, Wherein the evalu 
ation is accomplished by means of an iterative calculation by 
a least-squares method. 

5. The method of claim 1, further comprising: 
calibrating the multi-point indicator before beginning the 

collection of the measurement-point coordinates; 
comparing measurement-point coordinate relations 

resulting from said calibration With the relations of the 
recorded measurement-point coordinates for every 
rotational position of the limb; and 

deleting a measurement-point-coordinate set lying outside 
a predetermined tolerance limit. 

6. The method of claim 1, further comprising specifying 
a second point required for the calculation of the mechanical 
aXis, in terms of bony reference points by employing the 
optical coordinate measurement device With an additional 
indicator, said second point situated at the second end of the 
limb. 

7. The method of claim 1, Wherein the steps involved in 
the determination of the mechanical aXis are carried out With 
computer assistance, such that the instructions regarding the 
actions needed to put the limb in particular rotational 
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positions and information about the intermediate results of 
the relevant steps are displayed in a menu-guided environ 
ment. 

8. The method of claim 1, further comprising aligning a 
cutting jig With respect to the mechanical aXis that has been 
identi?ed for the mechanical processing of the second end of 
the limb. 

9. The method according to claim 8, Wherein the identi?ed 
mechanical aXis is indicated by an adapter or multi-point 
indicator that is ?Xedly attached to the limb, and the cutting 
jig is aligned With respect to said adapter or multi-point 
indicator With by a calibrated jig adapter. 

10. The method of claim 9, further comprising carrying 
out a translational adjustment of the cutting jig With respect 
to the adapter by tactile sampling of the cutting jig With an 
accessory indicator employing the coordinate-measurement 
device. 

11. An arrangement for ?nding the position of a mechani 
cal aXis of a limb that is rotatably supported by its ?rst end 
via a movable center of rotation comprising: 

a camera arrangement With at least tWo cameras spaced 
apart from one another by a ?Xed distance for the 
spatially determined reception of transmitter signals 

at least tWo multi-point indicators, each of Which com 
prises a measurement-point ?eld With several measure 
ment points, to detect several measurement-point coor 
dinates (P11—Pn_1), such that a ?rst multi-point 
indicator is constructed as a movable feeler for the 
tactile sampling of bony reference points in order to 
measure their coordinates, and 

an evaluation unit for evaluating the measurement-point 
coordinate sets provided by the multi-point indicator 
and detected by the camera arrangement, in order to 
identify the mechanical aXis of the limb extending 
through the ?rst end of the limb Without piercing a skin 
on the limb above a second end of the limb, and such 
that a second multi-point indicator is rigidly attached in 
the vicinity of said second end of the limb, in such a 
Way that it provides measurement-point-coordinate sets 
for several rotational positions of the limb, all of Which 
lie on spherical surfaces positioned around the associ 
ated site of the center of the rotation, and 

a process control means to control sequential recording 
and storage of the measurement-point-coordinate sets 
obtained in the individual rotational positions of the 
limb, and subsequent processing thereof, according to 
a prespeci?ed processing thereof, according to a pre 
speci?ed processing sequence, and Wherein the evalu 
ation device comprises means for performing an itera 
tion procedure, to specify a site of the center of rotation, 
for calculating the position of a mechanical aXis on the 
basis of the site of the center of rotation, and for 
calculating a second point at the second end of the limb, 
speci?ed on the basis of bony reference points on the 
limb. 

12. The arrangement according to claim 11, further com 
prising an adjustable clamping device to serve as an adapter 
for ?Xating the second multi-point indicator near the second 
end of the limb. 

13. The arrangement according to claim 11, further com 
prising a calibrated jig adapter that, can be connected both 
to the clamping device and to a cutting jig for the mechanical 
processing of the second end of the limb, said connection 
being in such a Way that these elements cannot be rotated but 
are capable of translational displacement, so that the cutting 
jig can be aligned With the mechanical aXis by Way of the jig 
adapter and can be displaced along the alignment aXis. 
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14. The arrangement according to claim 13, Wherein the 
?rst multi-point indicator, Which is designed as a tactile 
sampler, also serves as an indicator for detecting the current 
position of the cutting jig. 

15. The arrangement according to claim 11, further com 
prising display and input means associated With the process 
control means and the evaluation unit, in order to implement 
at least one of an optical and acoustical menu guidance for 
the determination of the center of rotation and the mechani 
cal aXis. 

16. The arrangement according to claim 15, Wherein the 
menu guidance also comprises display and input means for 
positioning of the cutting jig. 

17. The arrangement according to claim 11, Wherein at 
least the second multipoint indicator comprises a plurality of 
IR light-emitting diodes as active transmitters of 
measurement-point coordinates, Which are disposed in an 
indicator base constructed in tripod form. 

18. The arrangement according to claim 13, further com 
prising display and input means associated With the process 
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control means and the evaluation unit in order to implement 
at least on of an optical and acoustical menu guidance for the 
determination of the center of rotation and the mechanical 
aXis and electric motors connected to the jig adapter for the 
translational displacement of the cutting jig With respect to 
the mechanical aXis, and Wherein the motors are driven in 
particular by control signals input in the conteXt of the menu 
guidance. 

19. The method of claim 5, Wherein comparing the 
measurement-point-coordinate relations resulting from the 
calibration With the relations of the recorded measurement 
point coordinates comprises a plausibility consideration. 

20. The arrangement of claim 11, Wherein the means for 
performing an iteration procedure employs an error 
minimiZation calculation according to a least-squares 
method. 
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